ABSTRACT: Pumping costs are the major operating expense of ground-water supply systems. This paper presents a nonlinear optimization model to minimize pumping costs for both a well field and a main water-supply distribution system. Considerations are given to individual well losses, pump efficiencies, and the hydraulic losses in the pipe network. In addition, the transient drawdown at each well is included in a well-field model. When the demand served is less than the total capacity, there is a potential for reducing costs in the selection of pumps to meet that demand. A simulation model in conjunction with an optimization algorithm is assembled and optimized using the general nonlinear optimization program MI-NOS. For a given demand, the optimization procedure provides the best combination of pumps to meet that demand. Two example problems are given to evaluate the validity of the underlying assumptions and to demonstrate some of the characteristics of the proposed procedure.
INTRODUCTION
Ground water supplies a greater proportion of municipal and industrial (M&I) water than most people realize. Of noncommunity water users (i.e., users of water not supplied by a utility) 97% depend on ground water for their potable water supply, and 80% of small-community public-water-supply systems use ground water. These small utilities serve 70,000,000 people in the United States. Approximately 40% of the large utility water suppliers tap ground water ("National" 1986) . Normally, larger water suppliers use well fields connected to a pipe network to deliver water to a central pumping station.
For example, Memphis Light, Gas, and Water (MLGW), the watersupply utility for the metropolitan area in, and around, the city of Memphis, Tennessee, delivers water to a population of about 1,000,000 people. MLGW operates 10 pumping stations, each connected to a well field. Each well field has between 10 and 25 wells for a total of 161 wells. The pumping costs to deliver water exceeds $4,000,000 annually, comprising the major part of the operation and maintenance (O&M) costs. Obviously MLGW and other utilities attempt to minimize these costs. Because of treatment requirements, the wells do not pump water directly into the water mains, but deliver the water to a reservoir from which the service pumps draw. Thus, the optimization of well-field operation is separable from the operation of the pumping stations.
Though related, the delivery costs for the main distribution system and a well field can be further separated into the cost to operate an individual well (pump) and the cost to collect the water from each pump into the pipe network. The present paper shows an approach to optimize the delivery 1Assoc. Prof., Dept. of Civ. Engrg., Memphis State Univ., Memphis, TN 38152. 2prof., Dept. of Civ. Engrg., Memphis State Univ., Memphis, TN. 3Grad. Res. Asst., Dept. of Civ. Engrg., Memphis State Univ., Memphis, TN.
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costs for both a well field and the main distribution system, considering the individual well losses, pump efficiencies, and hydraulic losses in the pipe network.
MLGW, the nation's largest three-service utility, obtains water from the Memphis Sands, one of the most prolific aquifers in the southern United States. Each of the 10 well fields delivers water to the reservoirs of the pumping stations attached to that particular well field. The service pumps (usually three or four in each pumping station) pump the water throughout the water mains, maintaining the required pressure.
When the full capacity of a well field or of pumping Stations is not required, there is an opportunity to minimize pumping costs. There are several methods utilities use to determine which pumps to operate: (1) Turning on pumps in order of decreasing capacity; (2) turning on pumps in order of decreasing efficiency; (3) turning on pumps to equalize on-line time; (4) turning on pumps arbitrarily at the operator decision; and (5) turning on pumps in order of increasing cost of water pumped. This last criterion, which we believe is the most logical starting point, is deceptively simple because of the water-distribution complexity, large number Of pumps, and interactions that cause the cost of water from each pump to change with each combination of pumps used. The contribution of the present paper is to consider all well, pump, and pipe losses and interactions in developing a nonlinear optimization procedure to minimize pumping costs.
The overall objective is to deliver the required water at minimum cost. Pump, well, and pipe-network data are input into simulation and optimization models that comprise the overall system operation strategy, which is then summarized in pumping schedules.
A simple ground-water supply system is shown in Fig. 1 . The wells of a given field deliver water to a pumping-station reservoir. The reservoir serves as an interface between the well field and the main distribution system. Service pumps are located in each pumping station to deliver water through the main distribution system. If the relatively minor changes in the water elevations of the interfacing reservoirs are negligible, the well pumping costs and the high-service pumping costs are then separable and can be optimized separately. First, the least-cost pumping algorithm is developed for each well field, then the optimal pumping schedule for the main distribution system is constructed.
BACKGROUND
Quite frequently, studies reveal that a linearized approach is used beyond its limits of applicability to solve the nonlinear optimal operation of groundwater distribution systems. Many simplifying assumptions are made to reduce the dimensionality and complexity of the optimal pump scheduling problem. However, in real engineering situations where the qualitative nature of the behavior is completely unknown, a linearized approach does not provide adequate representation of the nonlinear nature of the problem. For such cases, it is more appropriate to optimize a ground-water distribution system on the basis of a nonlinear optimization problem when the system has an inherent tendency to possess nonlinear behavior.
A number of investigators have addressed the problem of optimal pump operation. Some have linearized the system, and others have made simplifying assumptions to reduce the dimensionality and complexity of the problem. Lansey and May (1989) and Brion and Mays (1991) program (Wood 1980 ) and an optimization model (GRG2). Brion and Mays (1991) applied their methodology to the Austin, Texas, water-distribution system and were able to achieve a reduction in operating costs. Most recently, Jowitt and Germanopoulos (1992) presented a procedure based on linear programming. Their method relies on a set of assumptions decoupling the operation of pumps from the nonlinear hydraulic characteristic of the network. One class of optimal operation that is based on simplifying assumptions to reduce the dimensionality and complexity of problem is dynamic programming. Dynamic-programming methodology has been approached by many researchers (Sterling and Coulbeck 1975; Joalland and Cohen 1980; Coulbeck and Orr 1983; Ormsbee et al. 1987 ). Sabet and Helweg (1985) described a dynamic-programming model that considered an algorithm for pump operation in a small pipe-network system serving a population of 45,000 or less. The primary intent of their model was minimization of costs relative to system hydraulics and varying power unit costs.
The formulation of the optimization problem must be such that sufficient representation of the network hydraulic characteristics and pumping costs is included, without the resulting solution being too complex for computer implementation. The need for an efficient solution is increased for real-time operation. The rapidly varying nature of consumer demands requires pump schedules to be obtained in real time for the full benefits of optimal control to be achieved.
As stated, our aim is to provide efficient computer-based-decision support to optimally control a complex water-supply distribution system. There are two separable tasks necessary for optimizing the water-distribution sys-
..._ _.c< 
FIG. 3. Efficiency Curves

70O00
tem: (1) A least-cost strategy to operate each well field; and (2) a least-cost strategy to operate high-service pumps. Both tasks require information about each pump and the interaction between pumps. The pump characteristic curves can be obtained by an on-line pump test. These curves are the headdischarge curve, efficiency curve, and cost-discharge curve. In general, knowing the pumping cost associated with each pump is a good approximation of least-cost operation. However, this procedure might not provide optimal scheduling because it neglects consideration for interaction among pumps and energy losses in the distribution system. The following sections formulate a nonlinear optimization procedure for least-cost operation of a well field and a water-distribution system. The method is illustrated with two example problems.
FORMULATION OF OBJECTIVE
The equations used in the optimization procedure can be modeled by classic nonlinear algorithms. The objective function is formulated as the least amount of energy to produce a minimum specified flow:
where I = total number of pumps in the distribution system; Qi = flow at pump i; ei = efficiency for pump i; y = specific weight of water; and TDHi = total dynamic head developed at pump i. The relationship of flow Qi versus TDH,. is referred to as the pumpcharacteristic curve. This characteristic curve can be approximated by a quadratic equation
in which A ~ah, --,171 t.dh, and _zc 'dh = constants for pump i. Similarly, the efficiency ei is represented in terms of the flow Q~ in a quadratic form
where the coefficients A~, B~, and C e can be determined by a curve fitting of the efficiency curve for pump i as shown in Fig. 3 . Substitution of (2) and (3) 
The objective function is modified in the next section by the addition of penalty variables. The penalty variables are used to hasten the convergence of certain constraints.
The objective function is not continuous; it consists of discrete values, one value for each possible combination of operating pumps. Neither is the objective function necessarily convex; there may be several local optima that depend on the decision path followed. An initial starting point is carefully chosen to increase the possibility of achieving a global optimum. Since the unconstrained pump flows from the on-line pump tests are known, a good initial point is to proportion each pump flow so that the total flow from the pumps equals the specified demand. Using these values, a simulation routine such as the KYPIPE (Wood 1980 ) model can produce the initial estimates for each flow and head in the system.
FORMULATION OF CONSTRAINTS
In modeling a water-distribution system, two basic equations are required to achieve a feasible solution: flow continuity and conservation of energy.
For each junction node j, a continuity relationship equating the flow into the junction node to the external demand is written as Q~ = Dj; j = 1,...,J where J = total number of junction nodes; and Dj = external demand at junction node j. If Dj = actual demand, then this constraint forces the system to not tap the reservoirs. A larger value of Dj can require the system to replenish the reservoirs in preparation for the next high-demand period. For the main distribution system, each junction node j may be restricted to a maximum pressure p~,x and a minimum pressure, p~i, 
The energy conservation must also be written between two fixed-grade nodes (from the water surface in a well or pump E,-to the water surface in a reservoir or elevated tank E,) a total of M times such that M = I + R -1
where M = number of pseudoloops; and R = number of reservoirs or elevated tanks. Each pump i and each reservoir r must be included in at least one pseudoloop equation
k=l where Er = water-surface elevation in reservoir r; E~ = water-surface elevation at the intake structure of pump or well i; and Km = number of pipes in pseudoloop m. For a well, the term E~ in (10) is not constant. The water levels in a well field are not static because of regional and local changes induced by pumping wells within the field (Claborn and Rainwater 1991) . The water level in the well at any time can be estimated using an appropriate unsteady drawdown equation such as the Theis equation for confined aquifers or the Boulton equation for unconfined aquifers. These equations provide estimates of the drawdown at a point defined as the effective radius of the well as a function of time, pumping rate, and aquifer properties. The water level in the well can be defined by
where Z~ = pump block elevation for well i; SWLi = static water level at well i before pumping; and sg = drawdown at well i computed from the appropriate equation as a function of time since pumping began and the pumping rate. The drawdown at well i can be represented in terms of Qg in an exponential form such as
where a~, [3~, and 8~ are coefficients determined for the drawdown curve of well i. For a pump, combining (2) and (10) yields
For a well, a combination of (2), (10), (11), and (12) becomes
Eqs. (13) and (14) are not applicable when the pump is off (Qi = 0). We are faced with a binary problem that cannot be handled when some of the pumps are off. To handle this problem, multiply (13) and (14) by Qi Qi A:ahO ~, = 0 (15) k=l and Qi (A~dhO ~.~, -F R t . ahO. -t ~:., q-Ct ' dhv, q-Zi -Er -SWZi ) e~, = 0 (16) k=l If pump i is off, then Q~ is zero; otherwise, (13) or (14) are zero, and Q; is the discharge from the pump. The optimization program determines a feasible solution with the least cost. In addition, to make sure that during an optimization problem the right-hand side of (15) and (16) R~.dhO, ~, + v, = Ti (19) k=l and for a distribution system, (16) 
EXAMPLE APPLICATION
In the following example problems a skeletal system that only includes the major mains are used in presenting the distribution system. A schematic model of the computer model is developed for each example problem and presented. Once a skeletal model of the distribution system has been developed, a database must be established. The required database includes information on each pipe and node included in the model as well as information on all pumps, tanks, and flow-control valves. In addition, the demand associated with the various nodes must be determined.
Pipes in the skeletal model are selected based on size and importance. Lengths must be determined based on the actual dimensions and from maps. Roughness coefficients must be determined by field test, if possible, or by calibration analysis. Calibration can be done systematically using optimization procedures or by a trial-and-error method using a simulation routine such as the KYPIPE (Wood 1980) program. For the example problems presented here, we assume that the skeletal model has already been calibrated and is ready to be used. Information for junction nodes includes demand and elevation. As part of the optimal operation study, the pumps must be field tested to determine actual operating characteristics such as efficiency and cost of operation. Each pump may be tested individually or in parallel combination by the step-drawdown method to obtain data over a wide variety of operating conditions. Each pump is started against a closed valve in the discharge line to obtain a shutoff head. After the pump reaches full speed, a pressure reading is taken from a gauge located in the discharge line between the pump and the valve. The power consumption of the pump is also recorded. Once shutoff head and corresponding power are obtained, the valve is opened to the next "step." For the remaining steps, the pressure, discharge, drawdown, static water level, and power consumption values are recorded. 27C 30A 31B 32C  25A 26B 27C 31B 32C 33D  25A 27C 30A 31B 32C 33D  25A 26B 27C 30A 32C 33D  25A 27C 28D 30A 32C 33D  25A 26B 27C 28D 30A 32C  25A 27C 28D 31B 32C 33D  26B 27C 28D 30A 32C 33D  25A 26B 28D 30A 32C 33D  25A 27C 28D 30A 31B 33D "1 gpm = 5.44 cmd.
This process is repeated, increasing the valve opening each time until the valve is completely open.
Example 1
A well field is shown in Fig. 5 . It consists of eight pipes, four junction nodes, three well pumps, and the well-field reservoir. There are a total of nine constraints in the MINOS program: four from (5), one from (6), one from (7), and three from (20). The program is able to choose the optimal combination of pumps shown in Table 1 by using a starting point that divides the desired minimum flow among the three wells in proportion to the unconstrained flow from the pump tests.
Example 2
An example distribution system is shown in Fig. 6 . It consists of 34 pipes, 16 junction nodes, eight pumps, and two reservoirs (elevated tanks). There are a total of 51 constraints in the example: 16 from (5), nine from (6), one from (7), 16 from (8), and nine from (19). There are two of each pump A, B, C, and D. These pumps are roughly similar with regards to the headdischarge curves, efficiency curves, and cost-discharge curves.
The specified demand is from 305,000 to 345,000 cmd (m3/d) (56,000 to 63,500 gal./min). Six of the pumps are needed to supply this demand. There are 28 possible combinations of six pumps. Ten combinations are found to be optimal for a range of flows, and these 10 combinations are shown in Fig. 7 and listed in Table 2 . The optimization algorithm can select the 10 points, but the initial starting conditions need to be specified more carefully than using the proportion of unregulated flow from each pump as an initial starting point.
APPLICATION
These procedures are being developed for MLGW, whose average daily water demand is 757,000 m3/d. The MLGW distribution system has 35 service pumps located at 10 pumping stations. MLGW serves three highpressure districts north, south, and east of Memphis. There are 13 booster stations and 15 elevated tanks to regulate the pressure in the system. The distribution system is somewhat overtaxed in the eastern part of the system, where the newest station, constructed in the late 1970s, needs help to meet continuing rapid growth in the suburbs.
MLGW presently uses a Harris M9000 SCADA system to control the wells and high-service pumps. The SCADA system is the most popular method for controlling medium and large water-supply systems. The leastcost algorithm displays which well to bring on-line as demand increases in each of the 10 well fields. In the main distribution system, pressure readings from each fire station are also monitored. This information, together with the observed water-use patterns, may improve the initial feasible starting point (which is beyond the scope of this paper). Presently, the algorithm to optimally operate the high-service pumps is being studied to improve convergence and robustness.
CONCLUSIONS
All optimization models require accurate simulation of system behavior and response. In the case of optimal control of a water-distribution system, the response of the water-distribution systems is described in the form of the pressure and flow variation within the network, the changes and characteristics of static and dynamic water level, and values for pump head and pump discharge. The modeled system must represent the actual response in order for the optimization algorithm to work accurately to provide meaningful results. Therefore, the simulation model must be calibrated for the system to be optimized.
Significant savings may be obtained from just knowing the cost of water from each pump in a system. With good initial starting points, an optimization model can choose a combination of pumps to minimize energy requirements for a specified demand. Present algorithms are sensitive to starting conditions and need to be robust. Work is proceeding to achieve these objectives. = total number of pumps for distribution system, total number of wells for well field; = total number of junction nodes; = total number of pipes; = number of pipes for junction node j; = number of pipes for closed loop l; = number of pipes for pseudoloop m; = total number of closed loops; = total number of pseudoloops; = exponent in pipe friction head-loss equation; = head pressure for junction node j; = maximum head pressure for junction node ]; = minimum head pressure for junction node j; = flow in pipe k; = total number of elevated tanks for distribution system, total number of reservoirs for well field; = static water level at well i before pumping; = drawdown at well i; = total dynamic head developed by pump i; = penalty variable for pump i; = penalty parameter; = pump block elevation for well i; and = drawdown coefficients for well i.
586
